We report measurements of magnetoresistance in single-layer graphene as a function of gate voltage (carrier density) at 250 mK. By examining signatures of weak localization (WL) and universal conductance fluctuations (UCF), we find a consistent picture of phase coherence loss due to electron-electron interactions. The gate-dependence of the elastic scattering terms suggests that the effect of trigonal warping, i.e., the non-linearity of the dispersion curves, may be strong at high carrier densities, while intra-valley scattering may dominate close to the Dirac point. In addition, a decrease in UCF amplitude with decreasing carrier density can be explained by a corresponding loss of phase coherence.
trends in elastic scattering were previously difficult to determine, due to large scatter in the data and strong averaging over the signals [9] . Universal conductance fluctuationsanother quantum interference effect that can be used to extract L φ -have been seen previously in single-layer graphene, though their gate voltage dependence has not been compared quantitatively to WL results.
In this paper, we discuss magnetoresistance measurements on single-layer graphene in the context of WL and UCF. Fits to WL theory allow us to extract the carrier density-dependence of L φ , as well as the carrier density-dependence of the inter-valley and intra-valley scattering terms. Our results seem consistent with the predicted strengthening of trigonal warping away from Dirac point. The values of L φ extracted from WL are compared to those obtained from autocorrelations of UCF (which is not affected by strength of elastic scattering) to obtain a consistent picture of the phase coherence in the system. We observe, and propose a mechanism for, a decrease in UCF amplitude with decreasing carrier density, an effect had been seen previously in bi-and tri-layer graphene but was not well understood [14] .
Sample Preparation and Measurements
Our graphene samples were mechanically exfoliated onto highly doped Si substrates topped with 300 nm SiO 2 . The thickness was determined by Raman and atomic force microscopy measurements. The electrodes were patterned by conventional electron beam lithography and electron beam evaporation of 3 nm Cr and 55 nm Au. The device shown in the inset of Fig. 1(a) consists of six electrodes on a piece of graphene, which allows measurements of longitudinal resistance R xx to determine 2D resistivity ρ, and Hall resistance R xy to determine carrier density n s . All data presented in this paper are taken with the device shown in the inset of Fig. 1(a) (multiple samples showed similar effects, but only one was measured in detail). The distance L between two longitudinal electrodes and the minimum width W of the sample are 3.3 and 4.2 µm, respectively.
Although the sample shape is not an ideal Hall bar geometry, the data still seem valid, as the overall longitudinal magnetoresistance has no slope (see Fig. 2 ), indicating no mixing from ρ xy ; similarly, the slope of the Hall resistance does not seem to be affected by ρ xx (which only adds an offset and contributions from universal conductance fluctuations).
Measurements were performed in a Helium-3 cryostat using standard ac lock-in techniques: an ac current was applied through two end electrodes and the resulting longitudinal voltage or Hall voltage was recorded as a function of gate voltage V g (applied to the back of the doped substrate) or magnetic field B.
Results and Discussion
We determine the Dirac point using R xx and R xy as a function of V g . A linear fitting of R xy vs B gives the carrier density, via dR xy /dB = 1/n s e (see Fig. 1(b) ), where e is the elementary charge. By extrapolating the carrier density vs V g plot to zero carrier density (see inset of Fig. 1(b) ), we estimate the gate voltage at the Dirac point to be V Dirac ~ 64 V [15] . This value compares well to the turn-over point in a plot of R xx as a function V g , as can be seen in Fig. 1(a) . Also, as shown in Fig. 1(a) , the gate voltage dependences of R xx and the residue R xy at B = 0 match very well, indicating the only effect related to the non-ideal Hall bar geometry in the sample is a field independent offset. The longitudinal resistance is also used to determine the mobility μ through the equation voltages, the resistance drops quickly when a small magnetic field is applied, resulting a sharp peak near zero magnetic field. This behavior is consistent with WL, showing that the carriers maintain their phase over many elastic mean free paths in the graphene. As the hole density decreases (i.e., as V g increases and approaches V Dirac ), the width of the WL peak increases, implying that the phase coherence length L φ of the holes decreases.
In Fig. 2 it is also evident that at larger fields away from the WL peak the resistance increases with increasing magnetic field. This positive magnetoresistance becomes more pronounced near the Dirac point.
The graphene magnetoresistance data can be analyzed in terms of WL using theory described by Ref. [6] to find the resistance correction
where
, ψ is the digamma function, and 
Fits to Eq. (1) are plotted in Fig.   2 as thin solid curves. The theory fits the data well with L φ , L iv , and L * as three free parameters. In Fig. 3 (a) and (b) we plot these characteristic length scales as a function of V g . L φ is on the order of 1 µm, while L iv and L * are on the order of 0.1 µm in hole doped states; because L φ >> L iv , the inter-valley scattering can act to restore the WL peak [9] .
The decrease of L φ with decreasing carrier density has been observed before [7, 9] , and was explained by electron-electron interactions, specifically the inelastic Nyquist scattering of electrons off the fluctuating electromagnetic fields generated by all other electrons [9, 16] . A similar decrease in L φ has also been seen as temperature was raised [17] . In addition, the decrease of L φ near the Dirac point may also be influenced by the formation of puddles of different types of carriers [9, 18] . implies that trigonal warping is the dominant chirality-breaking mechanism in this regime.
At lower carrier densities the calculated L w diverges; in this case, the intra-valley scattering L z (extracted as dashed-dotted line in Fig. 3(b) ) likely gives a cut-off length to L * and dominates the behavior. However, as the error estimation of L * shown in Fig. 3(b) is larger than the V g dependence of L * , the effects of the trigonal warping and the intra-valley scattering described above may need more accurate measurements to verify. In Fig.   3 (b) it can also be seen that the inter-valley scattering length L iv has weak gate-voltage dependence, and seems to track L * . The cause of this behavior is unknown, and may imply that effects in addition to trigonal warping are influencing the elastic scattering. In particular, it is possible that some of the positive magnetoresistance (which is used to extract L * and L iv ) is due to charge inhomogeneity in the system [19] . Although this effect should be less relevant than WL/WAL at low temperatures, results on bilayer samples
show that charge inhomogeneity effects may increase with decreasing carrier density [20] .
Because the WL fits to L φ involve consideration of elastic scattering terms, it is valuable to compare these results to a method of obtaining L φ that does not involve other scattering terms. To do this, we extract L φ from UCF. UCF occurs in disordered, mesoscopic conductors where the carrier transmission is due to interference of multiple, complicated paths which accumulate a random phase when a parameter such as magnetic field is tuned. The resultant conductance fluctuations are reproducible and aperiodic, and have amplitudes of order e 2 /h. UCF is evident in Fig. 2 , is plotted in Fig. 4(b) , while the root mean square fluctuation amplitude,
G fluc,rms = (G fluc,var ) 1/2 , is plotted in Fig. 4(c) . As can be seen in Fig. 4(b showing that the origins of the electron phase breaking process is the same for both phenomena. We also explained a decrease in UCF amplitude with decreasing carrier density as due to a corresponding loss of phase coherence. From the WL data, we determined the gate-dependence of the elastic scattering terms and suggested that the trigonal warping effect is strong at high carrier densities. However, the similar gate trends of inter-and intra-valley scattering may imply that positive magnetoresistance due to charge inhomogeneity is also relevant. 
